CgNa (Condylactis gigantea neurotoxin) is a 47-amino-acidresidue toxin from the giant Caribbean sea anemone Condylactis gigantea. The structure of CgNa, which was solved by 1 H-NMR spectroscopy, is somewhat atypical and displays significant homology with both type I and II anemone toxins. CgNa also displays a considerable number of exceptions to the canonical structural elements that are thought to be essential for the activity of this group of toxins. Furthermore, unique residues in CgNa define a characteristic structure with strong negatively charged surface patches. These patches disrupt a surface-exposed cluster of hydrophobic residues present in all anemone-derived toxins described to date. A thorough characterization by patch-clamp analysis using rat DRG (dorsal root ganglion) neurons indicated that CgNa preferentially binds to TTX-S (tetrodotoxinsensitive) voltage-gated sodium channels in the resting state. This association increased the inactivation time constant and the rate of recovery from inactivation, inducing a significant shift in the steady state of inactivation curve to the left. The specific structural features of CgNa may explain its weaker inhibitory capacity when compared with the other type I and II anemone toxins.
INTRODUCTION
Sea anemones are sessile cnidarians that protect themselves against predators by releasing different types of polypeptide toxins. These toxins mainly affect ion-channel activity, although some of them exhibit cytolytic activity [1] . The first polypeptide toxins purified from Anemonia sulcata (Mediterranean snakelocks anemone) and Condylactis gigantea (giant Caribbean sea anemone) were reported to affect voltage-gated sodium channels [2, 3] . These voltage-gated sodium channels represent an important target for different natural toxins and at least six receptor sites have been identified on sodium channels for these kinds of neurotoxins.
Sodium-channel toxins from the sea anemone can be classified into types I and II, according to their sequence homology [4] , and these types of toxins exhibit comparable electrophysiological properties. Type I toxins elicit important neurotoxic repetitive (firing) and cardiotoxic (arrhythmia) effects, delaying the inactivation of mammalian voltage-gated sodium channels. Moreover, the type I toxins target receptor-site 3 located at the extracellular face of the sodium channel [5] . There are many toxins that target this site on mammalian voltage-gated sodium channels, they are a structurally diverse group of peptides which have been isolated from scorpions [6, 7] , sea anemones [4, 8] , spiders [9, 10] and wasps [11, 12] . These toxins are important and are useful tools with which to study the mechanism of sodium-channel inactivation and to emulate certain important periodic paralysis pathologies such as paramyotonia congenita and hyperkalaemic periodic paralysis. Indeed, the effects of such toxins are similar to those caused by the mutations responsible for these diseases [13] [14] [15] [16] .
We recently isolated and performed the preliminary characterization of CgNa (Condylactis gigantea neurotoxin), the main peptide toxin from Condylactis gigantea [17] . On the basis of sequence homology, CgNa is a type I toxin group member along with the following anemone toxins: ATXI, ATXII and ATXV from Anemonia sulcata [18] [19] [20] ; AftI and AftII from the sea anemone Anthopleura fuscoviridis [21] ; ApA and ApB from Anthopleura xanthogrammica (giant green anemone) [22] [23] [24] ; ApC from Anthopleura elegantissima (aggregating anemone) [25] ; and BgII and BgIII from the Caribbean sea anemone Bunodosoma granulifera [26, 27] . The three-dimensional structure of CgNa in solution has been resolved using 1 H-NMR spectroscopy, and the electrophysiological effects of CgNa in mammalian DRG (dorsal root ganglion) neurons have been described. Moreover, all these data have correlated with those available for other closely related type I and II anemone toxins. These results may assist to define further the structural basis underlying the electrophysiological properties of this family of sea-anemone sodium-channel toxins.
MATERIALS AND METHODS

Biological materials
Animal care and all experimental procedures were carried out in accordance with the Helsinki Declaration. The number of animals used in the present study was kept to the minimum necessary for meaningful interpretation of the data. CgNa was isolated and purified from the sea anemone Condylactis gigantea [17] . Aliquots of a stock solution in deionized water were prepared and stored at − 20
• C. Prior to each experiment, the aliquot of CgNa was diluted in the corresponding perfusion solution.
DRG neurons were isolated and cultured from Wistar rats (P5-9) of either sex, according to the procedure described previously [27] .
Electrophysiological measurements
Whole-cell recording was carried out using an Axopatch-1D amplifier (Axon Instruments, Union City, CA, U.S.A.). The generation pulse and the data sampling was controlled by Pclamp 8.0 software (Axon Instruments) using a 16-bit data-acquisition system (Digidata 1320A, Axon Instruments). All experiments were performed at room temperature (23) (24) (25) • C). DRG neurons are known to express both TTX-R [TTX (tetrodotoxin)-resistant] and TTX-S (TTX-sensitive) sodium channels [28, 29] . Thus the types of sodium currents present in the cell under study were determined before each experiment. Only cells in which the TTX-R sodium current was less than 10 % of the total current, as defined from a steady-state inactivation profile, were used to determine the effects of the toxin on TTX-S sodium currents [30] .
Leakage and capacity currents were digitally subtracted using the P-P/n method [30a] , and the capacitance and series resistance (80 %) were electronically compensated for. Experiments were rejected when the voltage error exceeded 5 mV after compensation for series resistance at the maximum peak current, but no corrections were made for smaller values.
CgNa toxin was ejected under pressure using a microinjector (Baby Bee; Bass, West Lafayette, IN, U.S.A.) from a micropipette positioned in the vicinity of the cell being recorded. The solutions used in the experiments are detailed in Table 1 . Unless otherwise stated, all numerical data are presented as the means + − S.E.M. of at least four measurements. A more detailed description of the methods and data analysis has been reported previously [27] .
NMR spectroscopy
The concentration of CgNa in 90 % 1 H 2 O/10 % 2 H 2 O and in 100 % 2 H 2 O was 1.4 mM in order to acquire NMR spectra. 1 H-NMR spectra were recorded at 500 MHz on a Bruker AVANCE-500 spectrometer (Bruker BioSpin), using an inverse multinuclear probehead fitted with gradients along the z-axes. Spectra were referenced to external TSP {3-(trimethylsilyl)propionic acid-[ 2 H 4 ], sodium salt} and were recorded using the States-TPPI (time proportional phase incrementation) method, with 3-9-19 watergate pulse sequence water suppression. In general, 256 equally spaced evolution time period t 1 values were acquired, averaging 16 transients of 2048 points, with a spectral width of 7002.8 Hz (14.00 p.p.m.). Time-domain data matrices were all zero-filled to 4K complex points in both dimensions, thereby yielding a digital resolution of 3.41 Hz/pt (point). Prior to Fourier transformation, a Lorentz-Gauss window with different parameters was applied to both the t 1 and t 2 dimensions for all of the experiments. NOESY spectra were obtained using different mixing times (0.15 and 0.25 s), and TOCSY experiments were recorded using 0.025 and 0.07 s DIPSI (decoupling in the presence of scalar interactions) mixing pulses. Both NOESY and TOCSY experiments were performed at 298 K.
NOESY cross-peak assignment and structure calculation Peak lists for the NOESY spectra recorded with a 0.25 s mixing time were generated by interactive peak picking using the XEASY software [31] . NOESY cross-peak volumes were determined by the automated peak integration routine peakint [32] implemented in XEASY. The three-dimensional structure of CgNa was determined using the standard protocol of combined automated NOE (nuclear Overhauser effect) assignment and the structure calculation of the CYANA program (version 2.1) [33] . Seven cycles of combined automated NOESY assignment and structure calculations were followed by a final structure calculation. The structure calculation started in each cycle from 100 randomized conformers, and the standard simulated annealing schedule [33a] was used. The 20 conformers with the lowest final CYANA target function values were retained for analysis and passed to the next cycle. Constraint combination spanning at least three residues was applied in the first two cycles to all NOE distance restraints, in order to minimize structural distortion by erroneous distance restraints. The covalent parameters of Engh and Huber were used [34] . Restraints that involved degenerate groups of protons were expanded into ambiguous distance restraints between all corresponding pairs of hydrogen atoms, whereas non-degenerate diastereotopic pairs were swapped periodically for minimal target function values during simulated annealing in cycles 1-7. Three standard upper and lower limit distance constraints were also used to enforce disulfide bonds between the pairs of cysteine residues at positions 4-44, 6-34 and 27-45. Weak restraints on ψ/ψ torsion-angle pairs and on side-chain torsion angles between tetrahedral carbon atoms were applied temporarily during the high-temperature and cooling phases of the simulated annealing schedule in order to favour the permitted regions of the Ramachandran plot and staggered rotamer positions respectively. The list of upper-distance bonds for the final structural calculation consists of unambiguously assigned upper-distance bonds and does not require the possible swapping of diastereotopic pairs.
The 20 conformers with the lowest final CYANA target function values were subjected to restrained energy-minimization in a water shell using the AMBER 8.0 program [35] . The ω dihedral angles were restrained in the range 175-185
• . The protein was immersed in a shell of water molecules created using the TIP3P model, with a thickness of 10 Å (1 Å = 0.1 nm). The number of additional water molecules oscillated between 2979 and 4000 over the 20 conformers. The restrained energy minimization was performed in three stages. In the first stage, only the water molecules were optimized. Subsequently, the protein alone was relaxed, maintaining the water molecules fixed, and, finally, the whole system was minimized. In the last stage, a maximum of 1500 steps of restrained energy minimization and a combination of the steepest descent and conjugate gradient algorithms were applied using, in addition to the force field of Cornell et al. [37] , a parabolic or linear penalty function for the NOE upperdistance bonds and torsion-angle restraints. The force constants were chosen such that restraint violations of 0.1 Å and torsion violations of 1
• contributed by 0.84 kJ/mol (0.2 kcal/mol) to the potential energy. The resulting 20 energy-minimized CYANA conformers represent the solution structure of CgNa. 
The MOLMOL program [38] was used to build the co-ordinates for the non-standard amino acid residue 4-hydroxyproline (Hyp). The topological information for this residue has been reported previously [39] and was used here without any further modification. No additional force field parameters for 4-hydroxyproline were needed.
The MOLMOL program was used to visualize the three-dimensional structures. CYANA was used to obtain statistics on target function values, restraint violations and Ramachandran plots according to PROCHECK-NMR conventions etc. [40] . Rmsd (root mean square deviation) values were calculated using CYANA for superpositions of the backbone N, C α and C atoms; the heavy atoms over the whole protein, or over its structured regions. To obtain the rmsd of a structure represented by a bundle of conformers, all conformers were superimposed upon the first one and the average of the rmsd values between the individual conformers and their average co-ordinates was calculated. Conformational energies were calculated using AMBER 8.0 [35] and applying the force field of Cornell et al. [37] .
RESULTS
NMR structural analysis of CgNa
Protein-resonance assignments were obtained using standard strategies based on two-dimensional NMR experiments. In total, 98.7 % of the amide and 1 H shifts of the side-chain moieties, CH n , were unambiguously identified and assigned.
1 H assignments were also obtained for the indole NH group of Trp 31 and for the side-chain NH 2 resonances of all asparagine and glutamine residues in CgNa.
Structure determination
The statistics regarding the quality and precision of the 20 energyminimized conformers that represent the solution structure of CgNa are summarized in Table 2 . The structures were well defined and are in perfect agreement with the experimental data. Of the 1618 cross-peaks identified in the two-dimensional NOESY spectrum, 1554 (96 %) were unambiguously assigned by the CYANA program. Aditionally, standard upper-and lowerlimit distance constraints were applied to enforce the disulfide bridges. The disulfide arrangement (CysI-CysV, CysII-CysIV, CysIII-CysVI) was predicted on the basis of sequence homology and the conservation of the spacing of cysteine residues with another related type I sea-anemone toxin. Test calculations with alternative disulfide bond pairings were also assessed, and these generated structures that possessed less favourable conformation energies and deviated from the experimental NMR data to a greater extent from the disulfide bond pairings described above. Furthermore, 292 long-range distance restraints between protons that were separated in the sequence by five or more residues were used in the final calculations with CYANA and in the subsequent energy refinement with the AMBER program. No violations of NOE distance restraints greater than 0.2 Å were found in the final bundle of structures. The low rmsd values of 0.31 Å for the mean co-ordinates of the backbone and of 0.58 Å for all heavy atoms except the flexible loop of residues 8-16, reflected the high convergence of the ensembled structures. The quality of the structures was also reflected by the presence of 67 % of the (ψ/ψ) backbone torsion-angle pairs in the most favoured regions, and 31 % of these were found within the regions additionally permitted by the Ramachandran plot, according to the PROCHECK-NMR program. 
Solution structure
The final 20 structures calculated for CgNa have been superimposed on the backbone heavy atoms ( Figure 1 ). The structure consists of four β-strands from antiparallel β-sheets (involving residues 1-3, 21-23, 32-33 and 43-46), and three β-turns at residues 13-16, 27-30 and 31-34. The first β-strand is connected to the second one by a long poorly defined loop exposed to the solvent (Asp 7 -Ser 19 ). The peptide bonds at Hyp 3 and Pro 11 were predominantly determined to be in trans orientation due to the presence of α i -δ i+i NOE cross-peaks. There was also evidence of isomers, with a cis peptide bond at Hyp 3 identified by one NOE between the Hα protons of Val 2 and Hyp 3 . The relative slow isomerization between cis and trans forms of the prolyl-peptide bond usually induces additional cross-peaks for nearby residues. In the CgNa spectra, two sets of Val 2 cross-peaks were observed in the TOCSY fingerprint region.
Comparison with other long sea-anemone polypeptides
Other polypeptides which have a three-dimensional structure similar to that of CgNa were identified by a search of the DALI three-dimensional protein structure database [41] using CgNa as the query. Only sea-anemone toxin peptides classified as sodiumchannel blockers were retrieved, and a pairwise comparison was made between the averaged three-dimensional structures of the toxins singled out by DALI and CgNa (Table 3 ). The highest DALI †PDB residue numbers of equivalent residues. On the left, the numbers corresponding to the different toxins already reported in the literature and on the right, the equivalent residue in CgNa.
‡Rmsd between mean structures of the superimposed backbone atoms N, C α and C of equivalent fragments including (left-hand value) and excluding (right-hand value) the unstructured flexible loop 8-16 respectively.
Z-scores for structure comparison corresponded to the anthopleurins (ApA and ApB) and the ATX Ia neurotoxin. These are proteins that displayed more than 50 % sequence identity with CgNa in structure-based sequence alignments (Figure 2 ). Although CgNa should be classified as a group I sodium toxin, Sh I (neurotoxin I from the sun anemone, Stichodactyla helianthus), a group II sodium toxin, was also retrieved in the DALI search. Although Sh I only demonstrated 44 % identity with CgNa, it was structurally similar to CgNa, with a significant DALI Z-score ( Figure 2 and Table 3 ). Although the similarity of folding between CgNa, ApB and Sh I is evident ( Figure 3A ), important differences in the primary structure between CgNa, ApB and Sh I reflected the distinct distributions of electrostatic charge at functionally important regions on the surface of the proteins ( Figure 3B ). Moreover, these differences extended to the geometry of a surfaceexposed hydrophobic patch ( Figure 3C ) that is thought to be involved in the recognition of the toxin by the sodium channel [42] .
Electrophysiology in mammalian DRG neurons
The mean capacitance of the neurons examined in the present study was 47 + − 1.9 pF (n = 83), which corresponds to a cell diameter of approx. 38 µm. In current-clamp experiments, the neurons had a mean resting membrane potential of − 53.7 + − 2.4 mV (n = 3). Action potentials were evoked by application of a depolarizing current pulse of 5 ms and 100 pA with an 8 s interpulse interval ( Figure 4A ). The duration of the action potential at − 60 mV was 3.3 + − 1.1 ms when measured at 50 % of the peak amplitude. Perfusion with CgNa (10 µM) for 1 min Following the notation from Norton [4] , identical residues in each class are boxed. Those residues that are conservatively substituted are shaded in grey. *, Residues that are identical in all type I and type II sequences shown, †, Residues which are conservatively substituted. The residue numbering scheme is based on the CgNa sequence. ApA and ApB have a Pro-Ser insertion following Gly 25 , causing the numbering of the residues after this position to be shifted by two units in relation to CgNa. 
Figure 4 Current-and voltage-clamp experiments on TTX-S voltage-gated sodium channels in the presence of CgNa
(A) CgNa increases the length of the action potential. Action potentials of a DRG neuron recorded under control conditions, in the presence of CgNa (10 µM) and after washout (5 min). In this particular cell, a small depolarization of approx. 2 mV was observed. The dotted line in all panels indicates the zero voltage level. Inset: data for the entire experimental group in which current-clamp experiments were carried out. Exposure to the toxin increased the duration of action potentials measured at 50 % of its amplitude by 463 % (n = 3). (B) CgNa increased the inactivation time course of TTX-S I Na . Inset: representative experiment showing the effect of CgNa (10 µM) 1 min after commencing perfusion. Note the slowing of the inactivation process. In both cases, the current level returned to zero after the end of the depolarization pulse. The main plot shows the dose-response curve for CgNa (n = 41) on τ h . Data were fitted (continuous line) by a dose-response function with an IC 50 of 1.34 + − 0.4 µM (n = 41) and a Hill slope coefficient of 0.6 + − 0.2 (n = 41). (C) Effect of CgNa on the current-density-voltage curve. Top: I Na produced at different potentials in the presence and absence of CgNa (10 µM, for clarity only the first 5 ms of each record are shown). Currents were produced by voltage pulses to the potentials indicated from a holding potential of − 100 mV. Note that CgNa affects the currents at all the voltages tested. Bottom: current-density-voltage relationships (n = 6). Perfusion with CgNa (10 µM, closed circles) did not produce significant changes either on the voltage at which the maximum current density was reached or on the reversal potential. (D) Effect of CgNa on steady-state inactivation. Top: representative experiment from which the curves were obtained. Bottom: steady-state inactivation of I Na (n = 6). The steady-state inactivation parameter (h ∞ ) was determined using the two-pulse protocol shown in the inset. Data obtained at the test pulse were plotted as a function of the pre-pulse potential and fitted to a Boltzmann function (continuous lines). CgNa (10 µM, closed circles) caused a significant 8 mV hyperpolarizing shift in the V ½,inact . The slope factor was also significantly changed at 3.5 mV.
increased the action potential duration to 18.6 + − 3.8 ms, producing a 4.6-fold increase with respect to control values. The resting membrane potential was not significantly affected by the toxin (paired Student's t test, P > 0.05). After a 5 min washout, the duration of the action potential returned to 3.7 + − 1.2 ms, which represents a recovery of approx. 80 % with respect to the maximum effect of treatment with CgNa.
In voltage-clamp experiments, the inactivation of TTX-S sodium currents was well fitted by a single exponential function (correlation coefficient 95 %). Accordingly, CgNa slows the inactivation of the TTX-S sodium current. The mean time constant of inactivation (τ h ) was studied using a 40 ms test pulse at − 20 mV from a holding potential (V h ) of − 100 mV.
Under control conditions, τ h was 0.5 + − 0.7 ms, which increased to 0.85 + − 0.15 ms (n = 9) in the presence of 10 µM CgNa ( Figure 4B ). Moreover, the maximum effect was reached within 1 min of exposure to the toxin. The relationship between the current measured at the end of the pulse and the current measured at the peak showed an increase of approx. 100 % after application of the toxin. The effect of CgNa on inactivation kinetics were partially reversible by washing the preparation and, at the highest concentration used (10 µM), 71 % of recovery occurred following a 5 min washout of CgNa.
The effect of CgNa on the inactivation time course of the TTX-S sodium current was concentration-dependent and thus the doseresponse curve was constructed using the fixed-pulse protocol described above. The data were fitted by a dose-response function as follows: y = A 1 + (A 2 − A 1 )/1 + 10 (logIC 50 −x)P , where A 1 is the y value of the bottom plateau, A 2 is the y value of the top plateau, log IC 50 is the concentration at which the response is halfway between A 1 and A 2 , x is the actual value on the abscissa and P is the Hill slope. The dose-response relationship for the effect of CgNa on the inactivation of the TTX-S sodium current was fitted with a curve that had an IC 50 of 1.34 + − 0.4 µM (n = 41) and a Hill slope coefficient of 0.6 + − 0.2 (n = 41) ( Figure 4B ). The effect of CgNa (10 µM) on the peak sodium current amplitude was not significant at any of the concentrations tested (paired Student's t test, P > 0.05).
For the current-voltage relationships, the current-densityvoltage curves were obtained by normalizing the ionic current amplitudes as a function of membrane capacity ( Figure 4C ). Under control conditions, the maximum current density was reached at − 20 mV, and perfusion of CgNa (10 µM) did not produce any significant change in the sodium current density or its reversal potential, at any of the voltages tested (n = 6; paired Student's t test, P > 0.05).
To study the effects of CgNa on the conductance-and voltagedependence of steady-state TTX-S sodium current inactivation, a two-pulse protocol from a V h of − 100 mV was used. Using this protocol, a 100 ms conditioning pre-pulse from − 120 to + 70 mV in 10 mV increments was followed by a 100 ms test pulse at − 20 mV (intersweep interval = 8 s). The peak currents recorded during the test pulse were normalized as a function of the maximum amplitude value and plotted against the conditioning prepulse potential. Normalized currents were well fitted by a Boltzmann function. Application of CgNa (10 µM) produced a significant leftward shift in the steady-state inactivation curve of the TTX-S sodium current (paired Student's t test, P < 0.05; Figure 4D ). The half-maximal inactivation in control neurons of − 65.8 + − 0.6 mV (n = 6) was shifted to − 73.7 + − 1.4 mV (n = 6) in the presence of CgNa. The slope values increased significantly from 7.5 + − 0.3 mV (n = 6) under control conditions to 11 + − 0.8 mV (n = 6) in the presence of CgNa (paired Student's t test, P < 0.05).
The TTX-S sodium-channel conductance was calculated from the equation: g Na = I Na /(E − E Na ) where I is the current, E is the test pulse voltage and E Na is the reversal potential for sodium. The sodium conductance was plotted as a function of the membrane potential and the ratio was fitted by a Boltzmann equation, for both the control samples and the experimental samples treated with CgNa (10 µM). No difference was observed in the voltage potential at which activation is 0.5 (V ½act ) under control conditions (− 29.5 + − 0.6 mV) or after the application of CgNa (− 31.0 + − 0.6 mV) (Student's t test, P > 0.05). The slope factors for these curves were 6.3 + − 0.5 mV (n = 6) and 6.9 + − 0.5 mV (n = 6) respectively.
To study the action of CgNa on the rate of recovery from inactivation, a two-pulse protocol was used with an increment in the duration of the interpulse interval. In this protocol, the V h was either − 100 or − 80 mV, the test pulses (40 ms) were up to − 20 mV, and the interpulse interval ( t) varied from 2.5 to 1000 ms. Using a V h of − 100 mV, the time course of recovery from inactivation was fitted by a second-order exponential function with a fast time constant (τ rec,fast ) in control conditions of 5.5 + − 0.3 ms and a slow time constant (τ rec,slow ) of 26.4 + − 1.2 ms. These figures were not significantly different to those measured after application of CgNa: τ rec,fast = 5.1 + − 0.3 ms and τ rec,slow = 25.4 + − 1.1 ms ( Figure 5A ). In contrast, at a V h of − 80 mV, the time course of recovery from the inactivation of TTX-S sodium current was enhanced by CgNa. Although the τ rec,fast was not significantly different between control conditions (6.3 + − 1.4 ms) and CgNa treated conditions (5.8 + − 0.6 ms), the τ rec,slow diminished upon exposure to CgNa from 49.6 + − 8.2 ms under control conditions to 20.8 + − 3.5 ms in the presence of CgNa ( Figure 5B ). We explored the state of the sodium channel on which CgNa exerts its action with a pair of depolarizing trains of 200 pulses, increasing the voltage to − 20 mV from a holding potential of − 100 mV (pulse duration of 40 ms, pulse interval of 200 ms). The first (control) and second (test) trains were separated by a rest period of 1 min, during which the cell was held at a holding potential of − 100 mV and perfused with 10 µM CgNa. The inactivation time constant (τ h ) of the sodium current evoked by each pulse was plotted against the pulse number. In the absence of the toxin, τ h remained constant during the control train. In contrast, the time constant of the ionic current produced by the first test pulse increased by 59.1 + − 14.6 % (n = 4) following CgNa application, indicating that the toxin binds preferentially to the channel in the resting state. The effectiveness of CgNa did not increase when the channels were activated by trains of repetitive stimuli, indicating that its action was not dependent on channel usage ( Figure 6 ).
The effect of CgNa on the TTX-R sodium currents was studied using the same solutions used for TTX-S sodium currents, but with the addition of TTX (300 nM) to the external solution (n = 5). CgNa showed no significant effect on TTX-R sodium currents ( Figure 7A) . Finally, the effect of CgNa (10 µM) on total potassium (I K , n = 4; Figure 7B ) and total calcium currents (I Ca ; n = 4; Figure 7C ) was studied. Similarly, CgNa did not modify either the peak amplitude or the sustained component at the end of the pulse of these currents.
DISCUSSION
Electrophysiology
CgNa increases the duration of the action potential, owing to the slowing down of TTX-S sodium current inactivation. This action seems to be very selective for the TTX-S sodium channel, since the highest toxin concentration used (10 µM) did not produce any significant effect on other ion currents. The effect of CgNa on the inactivation process takes place within 1 min of application, and it was partially reversible following its removal and wash out. The reversibility of the effects of sea-anemone toxins upon vertebrate or insect sodium channels has been reported by many authors [43] [44] [45] , in contrast with the irreversible toxicity on crustacean sodium channels [43] . Interestingly, whereas the effects of ATX I and ATX II in crayfish giant axons were irreversible [46] , the activity of ATX III in the same preparation was reversible. The different properties of these toxins may be caused by both the characteristics of the compounds themselves and also the structural and functional differences in sodium channels between various tissues and animal phyla.
Addition of the toxin significantly modified the steady-state inactivation of TTX-S sodium channels. The slowing of inactivation kinetics and the reduced voltage-dependence of the steadystate availability curve indicate that CgNa modifies the transition rate of the sodium channel, both from the open to the inactivated state and vice versa. CgNa did not increase the peak currents of sodium channels at the concentrations used here, despite the marked effect of the toxin on sodium-current inactivation which would increase current density. Thus we cannot exclude the possibility that CgNa may also produce some degree of channel occlusion.
In the presence of the toxin, the τ h on the first pulse after a rest period increased, and this value remained within a narrow range during successive pulses in the test train. These features are consistent with the action of the toxin not being dependent on channel use. Indeed, these observations indicate that CgNa has a high affinity for the closed state of the channel, and, accordingly, the toxin shows no preference for the sodium channel in the open state. The time course of recovery from sodium current inactivation was not significantly affected by CgNa when studied using a V h of − 100 mV. However, while the fast time constant was not affected by CgNa at a V h of − 80 mV, the slow time constant was enhanced in the presence of CgNa. Previous reports indicate that ApB also significantly enhances the recovery from inactivation of both cardiac and neural sodium-channel isoforms [47] . On the basis of kinetic modifications of the sodium channel, this has been explained as an increase in the direct rate of transition back to the open state or as enhancement of normal transition through the different inactivation states. Since the effect of CgNa on the recovery rate from inactivation was voltage-dependent, the binding of CgNa to sodium channels displayed some type of voltage-dependence, which was suggested previously for α-scorpion toxins [48] .
Structural studies
Structural studies analysing the effects of modifying sea-anemone toxins have been carried out by several groups, focusing mainly on mutated ApB. Through such studies, Gly 10 and Gly 15 of ApB appear to be important for toxin affinity, and Gly 20 is an essential folding determinant [49] . Indeed, these three glycine residues are conserved in CgNa. In addition, Arg 12 , Leu 18 , Trp 33 , Lys 37 , Ile 43 and Trp 45 contribute significantly to the tight binding affinity of ApB [50] [51] [52] [53] . Only two of these residues are strictly conserved in CgNa, Leu 18 and Trp 33 (Trp 31 in CgNa) (Figure 2 ). According to previous analyses, the overall alignment of type I and type II toxins shows that there are 11 identical residues and five conservative substituted residues along the peptide [4] . Of those residues, CgNa lacks the invariable Arg 14 (replaced by histidine) and the conserved hydrophobic residue at position 41 (replaced by alanine). Overall, CgNa has a greater percentage of exposed negatively charged residues and a lower percentage of exposed hydrophobic residues than is typical for type I and II toxins. These differences are derived mainly from the lack of cationic residues in the flexible loop of residues 8-16 of CgNa and the unique amino acids Asp 36 , Glu 37 and Glu 43 in CgNa (instead of Trp 45 in ApB), which create an important negatively charged patch in conjunction with the conserved residues Asp 7 and Asp 9 . This patch occupies part of a strongly cationic surface that builds up around Lys 37 in ApB [54, 55] . As it has been demonstrated previously that Lys 37 in ApB can directly interact with Asp 1612 of the rat cardiac sodium channel [53] , the partial substitution of a positive patch could be one factor that helps to explain the lower potency of CgNa (10 µM tested on ganglion neurons expressing TTX-R sodium channels compared with 9 nM ApB tested on N1E-115 cells). Substitution of Arg 12 (serine in CgNa) may further weaken this interaction, as mutation of Arg 12 has been shown to reduce the affinity of ApB for both neuronal and cardiac channels [50] . Moreover, there is a substitution of alanine for the conserved hydrophobic residue at position 43 in ApB in CgNa (residue 41 of its primary structure), and an aspartic acic residue is found at position 43 CgNa in comparison with an aromatic residue in the other type I toxins possessing a three-dimensional structure known at present. These changes also disrupt a surface-exposed hydrophobic patch that involves residues previously shown to be relevant for the binding of the toxin to the sodium channel [51, 52] . Despite these differences, the CgNa protein is still active and thus the cationic residues in the 8-16 loop, Lys 37 and the small surface-exposed hydrophobic patch that includes Ile 43 of ApB are not absolutely essential for binding to the neuronal isoform of mammalian voltage-gated sodium channels. Future mutational analysis of CgNa, based on the entire set of structural comparisons discussed above, should contribute to further elucidation of the structural characteristics underlying the biological properties of CgNa and structurally related toxins.
